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Diffraction anomalies in hybrid structures based on
chalcogenide-coated opal photonic crystals
M. M. Voronov,∗ A. B. Pevtsov, S. A. Yakovlev, D. A. Kurdyukov, and V. G. Golubev
Ioffe Physical-Technical Institute of the Russian Academy of Sciences, St. Petersburg 194021, Russia
The results of spectroscopic studies of the diffraction anomalies (the so-called resonant Wood
anomalies) in spatially-periodic hybrid structures based on chalcogenide (Ge2Sb2Te5)-coated opal
films of various thickness are presented. A theoretical analysis of spectral-angular dependencies of
the Wood anomalies has been made by means of a phenomenological approach using the concept of
the effective refractive index of waveguiding surface layer.
PACS numbers: 42.25.Fx, 42.70.Gi, 78.66.-w, 78.67.Pt
I. INTRODUCTION
In recent years, investigations of periodic hybrid struc-
tures, which are 2D and 3D photonic crystals covered
with a thin metal or dielectric film, have attracted an
increasing interest.1–5 The aim of the present work is to
study character of the optical response of hybrid struc-
tures consisting of the spatially-ordered opal film coated
with a high refractive index material. The chalcogenide
compound Ge2Sb2Te5 (denoted by GST225) with a re-
fractive index greater than 4 has been chosen to use.6
Another reason for the choice is a rather simple technique
for fabrication of Ge2Sb2Te5 films on the opal surface.
7 It
should be mentioned that Ge–Sb–Te based chalcogenides
are used in rewritable optical data storage applications
and non-volatile phase change memory devices.6,8,9 In
Refs. 7 and 10 it is shown that the light reflection spec-
tra from opal/Ge2Sb2Te5 hybrid structures demonstrate
the resonant Wood anomalies, caused by the interaction
of the incident electromagnetic radiation with the hexag-
onally arranged surface layer of the hybrid structure. A
theoretical study of optical spectra of these systems, like
any such systems, requires cumbersome numerical cal-
culations and can be made analytically with the help of
the scattering matrix formalism, see, e.g., Ref. 11. In
this work we give a simple expression determining the
light wavelengths corresponding to the spectral positions
of the Wood anomaly maxima depending on the param-
eters of the hybrid structure and apply the expression to
the present experimental conditions.
II. PHENOMENOLOGICAL DESCRIPTION
AND EXPERIMENT
The samples of the structures being studied are opal
films (7-8 monolayers of a-SiO2 spheres of diameter 640
nm) grown on fused silica substrates.12–14 The GST225
layers of thickness 25-150 nm were deposited on the sur-
face of opal films in vacuum by the thermal deposition
technique.7 The schematic picture of an opal/GST225
hybrid structure and essential geometry of the experi-
ment are shown in Fig. 1. The light of an incandescent
lamp falls on the hybrid structure at an angle θ0 to the
normal and is detected at an angle θ (in our experiments
θ = θ0). The incidence plane (YZ) is perpendicular to
the growth plane (111) of opal film.
We shall characterize a waveguide layer consisting of
a top monolayer of opal film covered with GST225 film
and air by an effective refractive index neff , which can
be set constant in a sufficiently wide wavelength range.
It is assumed that neff is the same for a direction in the
plane (XY) and that perpendicular to the plane, thus
being a characteristic of quasi-guided (or leaky) mode.11
The value of neff depends on the direction given by hor-
izontal projection (k‖) of the wave vector (k) of the wave
outgoing from the structure with respect to the crystallo-
graphic direction Γ-M (or Γ-K), with the azimuthal angle
between the directions given by β (see Fig.1).
FIG. 1. Schematic image of the surface of an opal/GST225
hybrid structure and geometry of the experiment. Here are
shown the incident and outgoing wave vectors k0, k and an-
gles, θ0, θ, azimuthal angle β and the main crystallographic
directions Γ-M and Γ-K. The angle ϕ is that between the di-
rection Γ-M (or Γ-K) and some reciprocal lattice vector G
(white arrow in XY-plane).
Based on the usual diffraction condition (the Laue con-
dition) the wave vectors of the propagating waves can be
written as k′ = k+G. Here G = m1b1+m2b2 (m1, m2
2are integers) are 2D reciprocal lattice vectors, where b1
and b2 are the elementary vectors (for hexagonal lattice
|b1| = |b2| = 4pi/
√
3d). We proceed under the assump-
tion that k′ = |k′| = ωneff/c and the wave vector k of
the scattered wave is a sum k = k‖+kz, where kz is the
wave vector k projection in the perpendicular direction
to the waveguide layer. Due to the anisotropy of the sys-
tem, both values kz and neff depend on β and G. The
concept of the effective refractive index for description
of optical spectra of similar systems was earlier used in
Ref. 1, but in that study the parameter kz was ignored.
Since kz is of the same order of magnitude as k and G, it
should be taken into account. Because of the conserva-
tion of the horizontal component k‖ we take k‖ = k sin θ
and after simple mathematical transformations come to
the following expression for the spectral position of the
Wood anomaly peak, λWP
λWP =
2pi
G
√
(sin θ cosϕ)2 + (n2eff − sin2 θ)(1 + a)− sin θ cosϕ
1 + a
(1)
Here ϕ is an angle measured from Γ-M direction in the
XY plane (see Fig. 1), which defines any possible direc-
tion of vectorG, and a = (kz/G)
2. Formally, there exists
the second root of the quadratic equation for λWP (the
negative sign before square root), however, from a phys-
ical sense since inequality n > sin θ is always satisfied
this solution gives negative values for λWP and there-
fore should be omitted. Eq. (1) can be used explicitly
if the light scattering mainly occurs with a single scat-
tering vector G. This would be especially well realized
for some systems with a periodic optical dielectric con-
stant modulation in one dimension. Nevertheless, we can
also use the above analytical expression for the systems
with 2D dielectric constant modulation like those consid-
ered here because in case of p-polarization realized in the
present experiments the electric field distribution in the
waveguide layer with a change of angle θ mostly depends
on the vectors G corresponding to Γ-M direction. It fol-
lows from Eq. (1) that the diffraction anomalies can be
formed only at wavelengths less than the value given by
λWPm = 2pi(1+nm)/G0, where G0 is the minimum mag-
nitude of the vectorG and nm is the maximum refractive
index in the system.
Experimental reflection spectra from the opal/GST225
hybrid structure with GST225-film of 150 nm thick-
ness are shown in Fig. 2 for different angles θ = θ0
(at β = 0◦). In the spectra measured at an angle of
θ0 = 11
◦ one can distinguish three particular features: i)
typical wavelength area of Bragg reflection in the range
1300-1350 nm, which appears due to the light diffrac-
tion from the 3D system of planes (111) of the opal film
and shifts to shorter wavelengths when increasing the
incidence angle of light according to the Bragg formula
(λBP = 2d111
√
〈ε〉 − sin2 θ0, where λBP is the spectral
position of 3D Bragg reflection peak, d111 is the period of
opal structure in [111] direction, 〈ε〉 is the average value
of the dielectric constant of opal film); ii) wide bands
in the ranges 1400-1600 nm (I1) and 1200-1400 nm (I2),
with reflection maxima shifting to longer wavelengths (I1)
or staying almost unmoved (I2) with increasing the angle
of light incidence (see Fig. 2b); iii) some weak intensity
peaks initiated by the Fabry-Perot interference over the
whole thickness of the hybrid structure. In the present
study we focus on case (ii).
Figure 3 depicts the spectral positions (black squares)
of the Wood anomaly maxima λWP depending on the
light incidence angle for opal/GST225 hybrid structures
with different thickness (h) of GST225 layer. The val-
FIG. 2. (a) Experimental reflection spectra of an
opal/GST225 hybrid structure for different incident angles
θ0 at β = 0. The film thickness is about 150 nm. The spectra
are shifted vertically for clarity. (b) The color map is shown
for improving visualization of the spectra. The solid lines
passing through the spectral maxima are guides for eye and
correspond to the standard Bragg diffraction (BP) from 3D
opal structure and to the Wood anomalies (WP).
3FIG. 3. Experimental values (black squares) with correspond-
ing numerical fits (solid lines) made by Eq. (1) for wave-
lengths λWP for five hybrid structures differing only by the
thickness (h) of the GST225 film. The corresponding param-
eters h, neff and a are as follows: curve 1 (h=25 nm, n=1.63,
a=0.12); curve 2 (h=50 nm, n=2.31, a=0.56); curve 3 (h=100
nm, n=3.08, a=0.97); curve 4 (h=120 nm, n=4.19, a=1.87;
curve 5 (h=150 nm, n=4.4, a=1.9); ϕ = 180◦ for all curves.
ues of h were determined from the SEM micrograph of
the opal/GST225 structure cleavages. It can be seen
from the figure that when thickening the film the lines
λWP (θ0) move to the long-wavelength region and depen-
dence λWP (θ0) is being weakened (which is related to
a decrease in the derivative ∂λWP /∂θ > 0); it will be
explained in the next section.
Experimental reflection spectra for different azimuthal
angles β at the outgoing angle θ taken equal to the in-
cidence angle θ0 = 30
◦ are shown in Fig. 4. Since the
FIG. 4. Experimental reflection spectra for the opal/GST225
hybrid structure with GST225 film of the thickness 150 nm
for different azimuthal angles β at an angle θ0 = 30
◦. The
spectra are shifted vertically for clarity.
system under consideration has symmetry group C6v, un-
der rotation of the incidence plane at the angle β = 60◦
(angle between the axes of symmetry) the spectra must
be repeated, which is indeed seen from Fig. 4. Due to
the symmetry, for a fixed value of the angle θ the depen-
dence λWP (β) should reach extreme values (alternating
minima and maxima) at values of β equal to the mul-
tiples of 30◦ that also may be seen from the figure. In
the vicinity of 1530 nm the shift of the spectrum reaches
about 15 nm when β is varying from 0 to 30◦, a reason
for it will be discussed later.
III. DISCUSSION OF RESULTS
We use Eq. (1) to describe the dependence λWP (θ =
θ0). The approximate values of neff . nGST225, where
nGST225 is the refractive index of GST225, and the wave-
lengths about 1µm correspond to the vectors G of mag-
nitude |G| = G0 = 4pi/
√
3d, where d (≈ 640 nm) is the
period of the hexagonally-ordered surface-relief grating
of the hybrid structure. For the case of the scattering
at angle ϕ = 180◦ experimental data points in Fig. 2(b)
lie well on the curves (solid lines in Fig. 3) described by
Eq. (1) under constant parameters neff and kz , whose
values are indicated in the caption of the figure. The
increase in neff with chalcogenide film thickness can be
explained by the fact that at the same time the average
dielectric constant calculated in the effective medium ap-
proximation increases as well. Constant values of kz for
every structure for different angles θ correspond to the
situations where the quasi-guided modes are formed. As
is known, the usual guided modes in a three–layer pla-
nar dielectric waveguide are also characterized by special
values of kz . But compared to this case where the total
internal reflection condition is always satisfied and the
phase shift due to kz-projection is a multiple of 2pi,
15
for quasi-guided modes these conditions are not fulfilled
and kz can remain unchanged because of the periodicity
of the structure and the corresponding electromagnetic
field distribution (with the formation of modes with rel-
atively high values of the quality factor). Actually, there
is a dispersion of kz in the medium, which we do not take
into account here (just as the dispersion of neff ). The
propagation of electromagnetic radiation in the waveg-
uide layer is accompanied by the scattering of the waves
to the outside of the structure with a change in the ef-
fective wave vector. In the simplest case the horizontal
projection of the wave vector of the scattered wave is
different from the value k0 sin θ0 (where k0 is the wave
number of the light in the outside medium) by a single
reciprocal lattice vector G, in which case it is said that
the incident radiation resonantly interacts with a quasi-
guided mode. If the rescattering predominantly occurs
with wave vector transfer −G it can lead to the forma-
tion of Wood anomalies at an outgoing angle θ = θ0.
An analysis of Eq. (1) leads to the following answers
for the cases of increasing and decreasing λWP with a
4change in θ:
a) ∂λWP /∂θ > 0 if simultaneously cosϕ < 0 and neff >
sin θ
√
(tanϕ)2(a+ 1) + a;
b) ∂λWP /∂θ < 0 if simultaneously cosϕ < 0 and
neff < sin θ
√
(tanϕ)2(a+ 1) + a, and also if cosϕ > 0;
c) ∂λWP /∂θ = 0 corresponds to
λWP = 2pineff/(G
√
1 + a) for any ϕ.
These results allow one to understand the specific char-
acter of the light scattering at different outgoing angles.
For the Γ-M direction for all structures one can observe a
monotonic increase of the wavelength λWP with increas-
ing θ. This situation is in accordance with case (a) and
corresponds advantageously to the backward scattering,
with wave vector transfers G for which cosϕ < 0 (for
hexagonal lattice possible angles ϕ = 0,±60◦,±120◦ and
180◦). Note that for arbitrary direction in the plane (XY)
different from Γ-M and Γ-K directions (see Fig. 1), due to
the asymmetry, Eq. (1) cannot be used because here one
must take into account at least two reciprocal lattice vec-
tors corresponding to the different values of ϕ. In these
cases, however, due to the relatively small anisotropy in
the plane (XY), one can also expect the appearance of a
monotonic increasing dependence λWP (θ).
As it follows from the estimate a = (kz/G)
2 ∼
(
√
3nd/2λ)2 ∼ 1, with an increase in the angle θ the
vector G corresponding to ϕ = 180◦ plays an increas-
ingly important role because at sufficiently large values
of θ the condition in the case a) at ϕ = 120◦ (neff >
sin θ
√
4a+ 3) may not be satisfied, while for the case
ϕ = 180◦ the corresponding inequality (neff > sin θ
√
a)
is weaker and consequently can be valid (at nearly the
same values of neff and a). It is especially typical of very
thin films such as the film of thickness 25 nm. To quali-
tatively understand the effect of the prevailing scattering
at the angle θ = 180◦ (or θ = 0, which is not realized
in our experiments) one should consider a ray diagram
(see Fig. 5) representing the wave vectors k, k′ and G.
With increasing θ the angle γ between the vectors k and
G (or the angle χ between k′ and G) with the opposite
FIG. 5. The scattering geometry: light with wave vectors k0,
k and k′ propagating in a periodic waveguide layer structure
characterized by an effective refractive index. The detailed
description see in the text.
direction of k‖ changes noticeably more than the angles
between the vector k (or k′) and the other vectors G of
the same magnitude (G0), resulting in the dependence
λWP (θ). In other words, with an increase in angle θ the
system behaves more and more asymmetrically, unlike
the situation where θ = 0, that is due to the scattering
with wave vector transfers G of magnitude |G| = G0.
Note that the above backscattering may take place in
the case of 3D opal-like photonic crystals.16
It may be noted that if the chalcogenide film thickness
is not small and with its change the structure remains
approximately geometrically similar to itself, then there
is a quadratic dependence of the parameter a on the re-
fractive index neff , that is a ∝ k2z ∝ n2eff (in agreement
with the values presented in the caption of Fig. 3), that
indirectly confirms the validity of the proposed approach
with the use of the quantities neff and kz. Another
point of interest mentioned above is a flattening of the
lines λWP (i.e., decrease in the derivative ∂λWP /∂θ > 0)
while thickening the film, see Fig. 3. An analysis of Eq.
(1) with ϕ = 180◦ shows that this tendency is due to
the increase in the value of parameter a when increasing
the film thickness h. A qualitative explanation of this
effect is that the thickening of the film leads to a more
uniform light scattering with wave vector transfers G of
magnitude |G| = G0 and consequently to a decrease in
the derivative ∂λWP /∂θ.
We now address ourselves once more to Fig. 4, where
the reflection spectra are presented to demonstrate small
periodic changes in λWP in the vicinity of 1530 nm with
a change of the azimuthal angle β. To explain it one
can also exploit Eq. (1) where for the new geometry
of diffraction the vectors G of the magnitude equal to
G0 and making angles ϕ = ±150◦ with Γ-K direction
should be taken into account. Since, as it directly follows
from the effective medium approximation, the values of
neff and a ∝ n2eff for the scattered light waves with
k|| parallel to Γ-K direction are less than those for Γ-M
direction, it can result in about the same value of λWP
at a given angle θ (e.g., at θ0 = 30
◦, see Fig. 4).
As is seen from Fig. 2, together with the long-
wavelength peaks (I1) interpreted as Wood anomalies
there is a wider short-wavelength band (I2) which can
be explained as Wood anomalies corresponding to a dif-
ferent quasi-guided mode; in rough approximation their
profiles can be described by the Lorentzian functions.17
Figure 6 shows as an example the experimental reflection
spectrum of an opal/GST225 hybrid structure at an angle
θ0 = 66
◦ (see Fig. 2a) decomposed by two Lorentzians.
Because of the closeness of the two peaks the Lorentz-
like profiles are distorted (especially strongly between the
maxima) even for large angles θ, therefore the damping
rates Γ of the modes are dependent on each other. For
this reason a phenomenological description of the shapes
of the spectra by using the effective values neff и kz is
problematic. Another reason for this is that the value
of Γ depends in a complicated manner on the outgoing
angle and for its determination the exact numerical cal-
5FIG. 6. Experimental reflection spectrum (black solid line)
of the opal/GST225 hybrid structure (the film thickness h =
150 nm) at an angle θ0 = 66
◦, and its representation by two
Lorentzians (dashed lines) and by their sum (solid line).
culations are required. The wider Wood anomaly peak
corresponds to a greater value of Γ and consequently to
a shorter lifetime of the mode, τ ∼ 1/Γ. This mode cor-
responds to the situation for which ∂λWP /∂θ ≈ 0, that
is, when the light scattering with the different scatter-
ing vectors G (of magnitude |G| = G0) occurs almost
equally intensively, leading to a smaller value of τ .
IV. CONCLUSION
Wood anomalies are special types of diffraction differ-
ent from Bragg one which stem from multiple wave inter-
ference and manifest themselves in optical reflection and
transmission spectra.18 Depending on the geometrical
form of a system, its dielectric and conductive properties
and spectral characteristics of electromagnetic radiation
there exist two types of Wood anomalies (Rayleigh-Wood
anomaly and resonant Wood anomaly) allowing different
approximate analytical description, see, e.g., Ref. 18.
Diffraction anomalies of the two types, in general, can
superimpose on each other as well as on specular light
reflection from the film surface, 3D Bragg diffraction,
Fabry-Perot oscillations and the rest of the scattered
radiation. The above phenomenological description of
the dependence λWP (θ) can also be applied to the light
transmission spectra showingWood anomalies to give the
characteristic nearly linear dependence λWP (θ), as in the
case of reflection.
In Refs. 7, 19–22 the so-called multiple Bragg diffrac-
tion in 3D photonic crystals is considered; these systems
have no additional coating serving as an optical waveg-
uide region. The nearly linear dependence of the wave-
length corresponding to a local maximum in reflectivity
(or transmissivity) on the angle θ = θ0 observed in those
experiments, indicate that diffraction anomalies arising
in the Bragg reflection and transmission spectra of 3D
photonic crystals can be ascribed to appropriate effec-
tive quasi-guided modes (characterized by values neff
and kz). The qualitative interpretation of the multiple
Bragg diffraction in 3D opal-like photonic crystals by in-
volving the concept of Wood anomalies was proposed in
Ref. 16.
It can be expected that the approach developed in the
present work can also be used to estimate the locations
of Wood anomalies in the reflection and transmission
spectra of deterministic aperiodic structures (including
quasicrystals), see, e.g., Ref. 23; in this case the vector
G should be replaced by appropriate diffraction vector
for quasicrystal, Ghh′ . Despite the absence of periodic-
ity these structures have long-range order and therefore
would provide effective quasi-guided modes for propaga-
tion and scattering of light, leading to Wood anomalies
in the optical spectra.24
A further development of the proposed approach may
be related to the study of the spectral positions of the re-
flection maxima and minima for waveguide grating struc-
tures characterized by a strong dispersion of the effective
refractive index neff = neff (ω) of the waveguide layer
(for example, due to plasmon resonance in metallic films);
the corresponding spectral-angular dependencies will be
obtained by solving Eq. (1) containing frequency func-
tions neff (ω) and a(ω) ∝ n2eff (ω).
To summarize, the experimentally measured reflection
spectra fall within a category of Wood anomalies because
to explain them one has to consider the scattering of elec-
tromagnetic radiation expressed in terms of 2D recipro-
cal lattice vectors and leading to the formation of quasi-
quided modes. Thus, the developed phenomenological
approach allowed us to interpret the experimentally ob-
served close to linear dependence of spectral locations
of the Wood anomalies on the incident angle of light on
the spatially-periodic hybrid film structure. It can be ap-
plied to other similar systems showing diffraction grating
anomalies as well.
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